Using a Transwell chamber as migration assay for mouse primordial germ cells (PGCs), we show here that these cells posses directional migration in the absence of somatic cell and defined matrix support and in response to a Kit ligand (KL) gradient or medium conditioned by Aorta/ Gonad/Mesonephros and gonadal ridges. Other putative PGC chemoattractants such as SDF1 and TGFβ did not exert any attractive action on PGCs. The chemoattractant activity of KL and conditioned medium was also evidenced by their ability to stimulate actin reorganization in PGCs. In the aim to identify downstream signaling pathways governing KL chemoattraction on PGCs, we demonstrated that in such cells KL rapidly (5 min) increased autophosphorylation of its receptor c-Kit and caused phosphorylation of the serine-threonine kinase AKT through the action of PI3K. 740Y-P peptide, a direct activator of PI3 kinase, stimulated PGC migration at levels similar to those elicited by KL. LY294002 (a specific inhibitor of PI3K) abolished KL-dependent PGC migration or the chemoattractant activity of the conditioned medium and inhibited AKT phosphorylation; Src kinase inhibitors PP2 and SU6656, caused significant reduction of the KL-dependent PGC migration and AKT phosphorylation, while U0126, a selective inhibitor of the MEK/ERK protein kinase cascade, reduced PGC migration and AKT phosphorylation at lesser extent. SU6656 completely abolished the chemoattractant activity of the conditioned medium. Finally, SB202190 (a p38 inhibitor) and rapamycin (mTOR inhibitor) did not affect PGC migration. In addition, to demonstrate that somatic cells are not essential for PGC motility and directional migration, we evidenced a novel role for KL as PGC chemoattractant and for PI3K/AKT and Src kinase, as players involved in the activation of the PGC migratory machinery and likely important for their directional movement towards the gonadal ridges.
Introduction
In all vertebrates and many invertebrates, germ cells first arise in the early embryo as a small migratory population of cells named primordial germ cells (PGCs). PGCs migrate through various tissues of the embryo and colonize the gonadal ridges (GRs), thus forming the complete gonads. In the mouse, early histological studies and recent dynamic time lapse analyses of migratory PGCs, indicate that this process occurs in sequential steps likely requiring various signals and extracellular matrix and cell to cell interactions (for reviews, see Molyneaux and Wylie, 2004; De Felici et al., 2004) . In the mouse embryo, PGCs arise around gastrulation between 6.5 and 7 days post coitum (dpc) from a pluripotent population of cells in the proximal epiblast (for reviews, see Matsui and Okamura, 2005; McLaren and Lawson, 2005) . They then migrate through the primitive streak into the region of the endoderm that forms the hindgut (7.5-8.5 dpc). Later in development (9.5-10.5 dpc), a second phase of migration takes place in which PGCs migrate out of the gut directly into the GRs. Finally, between 11.5 and 12.5 dpc, PGCs emerging from the hindgut are seen in the dorsal mesentery and migrate in two bilateral streams towards the GRs (Molyneaux et al., 2001; Molyneaux et al., 2003) . Directional migration is a complex process controlled by various molecular mechanisms which include soluble factors acting at a distance, local signals produced by surrounding cells and interactions with extracellular matrix molecules. At least in the final stages, mouse PGC migration is very likely controlled by secreted factors released by the GRs. In the mammalian embryos, the identity of such chemoattractant/s has been so far quite elusive. Godin et al. (1990) have shown that GR-conditioned medium can attract 8.5 dpc mouse PGCs in culture and TGFβ1 can mimic this effect . The lack of apparent defect of PGC development in knock out mice for TGFβ (for a review see Dunker and Krieglstein, 2000) and its receptor ALK5 (Chuva de Sousa Lopes et al., 2005) , and the finding that this growth factor causes PGC apoptosis in vitro (Godin and Wylie, 1991, our unpublished observations) , raise doubts about the chemoattractant role of TGFβ in PGC migration in vivo. Other in vivo and in vitro data suggest that the stromal derived factor 1 (SDF1) might act as an attractant for mouse PGCs. These cells express the SDF1 receptor CXCR4 and neighboring somatic cells express SDF1 (Ara et al., 2003; Molyneaux et al., 2003) . Although the chemoattractant role of SDF1/CXCR4 interaction in zebrafish PGCs (Doitsidou et al., 2002; Knaut et al., 2003) and in several other cell types (Bleul et al., 1996; Zou et al., 1998; David et al., 2002) , is well demonstrated, either prosurvival effects or lack of chemoattraction could explain the reduction of PGC number found in the GRs of mice lacking SDF1 or its receptor (Ara et al., 2003; Molyneaux et al., 2003) . A role for members of FGF family in mouse PGC migration, namely in their motility, has been recently proposed (Takeuchi et al., 2005) . Another possible attractant for mouse PGCs is Kit ligand (KL) also known as Stem Cell Factor (SCF). KL is a growth factor with pleiotropic effects on several cell types including germ cells, hematopoietic cells, melanocytes and neuronal cells being able to promote survival, proliferation and/ or migration of such cells (for a review, see Roskoski, 2005a,b) . KL acts by binding to c-Kit, a receptor with intrinsic tyrosine kinase activity. PGCs express c-Kit and the somatic cells along their migratory pathway and the GRs as well express KL (Matsui et al., 1990; De Felici et al., 1996) . In the mouse, mutation at the steel (Sl) and dominant white spotting (W) loci encoding KL and c-Kit, respectively, cause a dramatic reduction in PGC numbers (Mintz and Russel, 1957; Buehr et al., 1993; McCoshen and McCallion, 1975) . In vitro culture studies have shown that KL/c-Kit system is able to prevent PGC apoptosis and to stimulate their proliferation (for a review, see De Felici et al., 2004) . In in vitro assay, KL did not appear to have chemoattractant action on 8.5-10.5 dpc PGCs cultured onto somatic cell monolayers, although it increased the number of cells showing a motile phenotype . Other observations, however, are compatible with a migration and/or chemoattractant role of KL on mouse PGCs. Keshet et al. (1991) described a gradient of KL expressed along the path of their migratory route. Moreover, the analysis of migration in W e /W e PGCs carrying a mutation at the W locus resulting in a non-functional form of c-Kit (Buehr et al., 1993) , and of hypomorphic KL mutants (Mahakali et al., 2005) , showed that by 10.5 dpc most of the PGCs formed clumps and remained in the gut wall unable to migrate. Very recently, Runyan et al. (2006) found that when KL-dependent PGC apoptosis is prevented in Bax null mice, PGC still requires KL for proliferation and migration. Finally, KL/c-Kit interactions contributes to the adhesion of PGCs to somatic cells in culture (Pesce et al., 1997) .
In the present paper, thanks to a new culture method for purified mouse PGCs developed in our laboratory (Farini et al., 2005) that allows to avoid the necessity for cell feeder layers, and employing a modified Boyden chamber or Transwell to study cell directional migration, we sought to determine the chemoattractant action of several growth factors on PGCs and to identify signaling cascades that are important for their migration capability.
Materials and methods

PGC isolation
In most of the experiments, PGCs were obtained from sex undifferentiated gonadal ridges (GRs) of 11.5 dpc CD-1 mice embryos (Charles River) following the EDTA-puncturing method described in De Felici and McLaren (1982) . Cells were directly released in high glucose D-MEM (Gibco), containing non-essential amino acids, 0.1 mM 2-mercaptoethanol, 2 mM glutamine, 0.25 mM pyruvate, 75 mg/L penicillin-G, 50 mg/L streptomycin, and N-acetyl-L-cysteine (0.2 mg/ ml) purchased from Sigma, and 15% fetal bovine serum (FBS, Gibco). We define this as complete medium (CM). In some experiments, PGCs were released from 10.5 dpc Aorta/Gonad/Mesonephros (AGM) region after 15-min incubation in the EDTA solution and mechanical dispersion in CM using a pipette. This solution was then centrifuged for 1 min at 100×g, the supernatant removed and re-spun at 100×g two more times. The final spin at 1000×g for 3 min collected PGCs. Both methods gave enriched PGC populations (70-80%, 11.5 dpc PGCs and 40-50% 10.5 dpc PGCs) as revealed by alkaline phosphatase (APase) staining and Oct4 immunolabeling (see below), two specific PGC markers in such tissues (De Felici, 1998; Scholer et al., 1990) . For biochemical analyses, 11.5 dpc PGCs were isolated and purified using the MiniMACS immunomagnetic cell sorter method (PGCs purity > 90%) (Pesce and De Felici, 1995) .
Migration assay
Migration assays were carried out using a modified Boyden chamber or Transwell suitable to evidence chemoattractant-dependent directional migration in a variety of cell type (for references see Wakabayashi and Nicolson, 1998) . Briefly, PGCs obtained from five-seven 11.5 dpc GRs or 10.5 dpc AGM regions, were seeded (about 500/well) onto a Transwell Falcon cell culture polyethylene terephtalate (PET) membrane filter with 8-μm pores (Falcon) inserted into a 24-well plate Falcon tissue culture dish in 0.2 ml of CM. The lower chamber was filled with 0.7 ml of CM containing recombinant mouse KL, human bFGF, mouse SDF1α and human BMP4 (R&D System), ESGRO murine LIF (Chemicon) at the indicated concentrations (CM/GFs; see Results). Cultures were carried out in an humidified incubator at 37°C and 5% CO 2 in air for 24 h. Cells adhered to the membrane (about 70-80% of those seeded at the beginning of culture, see above) were then fixed with 4% paraformaldehyde and after appropriate histochemistry reaction (see below) all APase positive cells were counted. All cells were then carefully removed from the top of the membrane using a cotton swab. Since inspection of medium in the lower chamber did not reveal the presence of any cells, the number of APase-stained cells remained on the underside of the membrane was considered as migrated PGCs. In the migration assays in which 10.5 dpc PGCs were used, in addition to APase histochemistry, some cell samples were stained for Oct4 immunopositivity as further identification criterion.
Pharmacological inhibitors of the most common growth factor signaling pathways (see Results) were used at concentration chosen on the basis of previously published studies (for references see De Miguel et al., 2002) as follows: 20 μM SU5416; 100 nM wortmannin; 10 μm SB 202190 purchased from Sigma; 5 μm LY294002; 10 μm U0126; 20 ng/ml PP2, 1 μm SU6656; 50 nM Rapamycin were from Calbiochem. All inhibitors were dissolved in DMSO that was added to the control at maximal 1:1000 dilution. Since we found that under our culture conditions continuous exposure for 24 h of culture to most of the inhibitors at these concentrations caused a significant decrease of PGC survival (as determined by using the Erythrosin B uptake assay, Farini et al., 2005) , cells adhered to the Transwell membrane after 4 h of culture were treated with the inhibitor or DMSO for only 30 min before careful medium replacement and cell culture in CM as reported above.
Conditioned media and KL ELISA 0.5 ml CM plus 15% FBS was conditioned for 24 h with five 10.5 dpc AGM, ten 11.5 dpc GRs, two 17.5 dpc ovary/testis corresponding to equivalent amount of protein (see Table 1 ) or with approximately 10 5 confluent somatic cell monolayers obtained from 11.5 dpc GRs by MiniMacs separation (Pesce and De Felici, 1995) . For the migration assay, conditioned medium (CdM) was added in the lower chamber after dilution 1:1 v/v with CM/2XGFs without KL.
Concentration of soluble KL in CdM was determined using SCF (KL) ELISA kit (Raybiotech). Briefly, supernatant from CdM was obtained by centrifugation at 1000×g for 5 min and KL measured in triplicate 100 μl samples according to the manufacturer's instructions. Values obtained were expressed by micrograms of tissue protein per milliliter.
To remove KL from AGM and GR-conditioned media, they were incubated with monoclonal anti-mouse SCF antibody (R&D Systems) (1-5 μg/ml), or rat IgG as a control, for 2 h at 37°C, centrifuged for 10 min at 10 000×g and supernatants used in the migration assay as indicated above.
Western blot analysis
After the indicated treatment, 5× SDS sample buffer was added to cells and samples boiled for 5 min. Proteins were separated on either 10% or 7.5% SDS-PAGE gels and transferred to PVDF Transfer Membrane Hybond™-P (Amersham). Membranes were saturated with 5% nonfat dry milk in TBS containing 0.1% Tween 20, for 1 h at room temperature and incubated o/n at 4°C with the following primary antibody: mouse α-tubulin (1:1000, Sigma), mouse α-phosphotyrosine (PY20, 1:1000, Santa Cruz Biotechnology), rabbit αc-Kit (1:1000, Santa Cruz Biotechnology) and rabbit α-p-c-Kit (pYpY 568/570 ) (1:1000, Biosource), rabbit α-AKT and α-pAKT (Ser473) (1:1000, Biosource), rabbit α-p38 and α-pp38 (pTpY 180/182 ) (1:1000, Biosource), rabbit α-ERK1/2 and α-pERK1/2 (pTpY 202/204 ) (1:1000, Cell Signaling). Secondary α-mouse or α-rabbit IgGs conjugated to horseradish peroxidase (Amersham) was incubated with the membranes for 1 h at room temperature, at 1:10 000 dilution in TBS/ Tween 20. Immunostained bands were detected by chemiluminescent method (Amersham) and densitometric analysis of the bands performed using TotalLaB image analysis software (Nonlinear Dynamics).
APase, Oct4 immunofluorescence and actin visualization
Cells were stained for APase as reported in De Felici (1998). Oct4 immunofluorescence was carried out as follows. Cells were fixed for 10 min in 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 and processed for immunofluorescence using anti-Oct4 mouse monoclonal antibody (1:250, Santa Cruz Biotechnology) after blocking nonspecific signals with PBS-3% BSA for 1 h. The samples were incubated in the presence of the primary antibody o/n, then washed and incubated for 1 h at room temperature with Alexafluor488 goat antimouse (1:500, Molecular Probe) and 5 min with the 1 μg/ml Hoechst fluorocrome to stain the nucleus.
For actin localization, PGCs adhered to the top Transwell membrane after 4 h in the CM/GFs without KL, were exposed to the growth factor gradient or CdM for 30 min at 37°C, fixed for 10 min at room temperature with 4% paraformaldehyde and stained with Alexafluor488-Phalloidin (1:200, Molecular Probe) for 30 min at room temperature. Images were captured using a fluorescence Zeiss Axioplan 2 microscope under 100× objective.
RT-PCR for c-Kit isoforms
Total cell RNA was extracted from purified PGCs with RNeasy microkit (Qiagen) in accordance to the manufacturer's instructions. First-strand cDNA synthesis was performed as follows: 500 ng total RNA was reverse transcribed by 50 U of Superscript™II (Invitrogen) using 50 ng random hexamers, in the presence of 0.5 μM deoxynucleotide triphosphates in a final volume of 20 μl. DNA contamination or PCR carryover controls were performed omitting reverse transcriptase during reverse transcription. The reaction mixture was incubated for 1 h at 42°C, then heat denatured for 15 min at 75°C. 4 μl of the obtained cDNA was used to amplify GNNK+/− c-Kit isoforms as follows: PCR was carried out using 0.5 μM of the forward primer 5′CGATGTGGGCAA-GAGTT3′ and reverse primer 5′CCTCGACAACCTTCCAT3′, Taq polymerase (2 U/tube), and 1.5 mM magnesium chloride in a final volume of 20 μl. The amplification consisted of 35 cycles at 94°C for 30 s, 50°C for 30 s, and 72°C for 30 s, with a 5-min final extension. The expected amplified products were 200 bp and 188 bp for GNNK+ and GNNK−, respectively, and were evidenced on 4% (wt/vol) agarose gel. cDNA amplification of the plasmid pCMV-c-Kit containing the GNNK− c-Kit isoform, was used as a control.
Statistical analysis
The migratory assays were generally performed in triplicate and repeated at least three times. All results are reported as means ± standard error (SE). Statistical significance of difference between mean values was assessed using one-way ANOVA (Sigmastat). A p value of ≤0.05 was considered significant.
Results
KL, AGM and gonadal ridges exert chemoattractant action on PGCs
In order to test whether PGCs were able to move in culture in the absence of somatic cell support and most importantly to respond with a directional movement to a positive gradient concentration of chemoattractants miming their migratory behavior in the embryo, we cultured 11.5 dpc PGCs with minimal somatic cell contaminant, in the presence of a cocktail of growth factors able to sustain their survival (Farini et al., 2005) and including putative chemoattractant growth factors for PGCs such as SDF1 and KL (see Introduction). For the assay, we used Transwell chambers usually employed in migratory tests for a variety of cell types (see Materials and methods). To allow PGC survival and create a positive gradient for putative chemoattractants, the upper Transwell compartment was filled Table 1 ELISA determination of KL secreted in media conditioned by various embryonic tissues: 10.5 dpc Aorta/Gonad/Menophrephos (AGM); 11.5 dpc gonadal ridges (GR); 17.5 dpc testes and by somatic cells from 11.5 dpc gonadal ridges KL pg/μg protein ×10 − 2 /ml (±SE) μg protein/organ (±SE) 10.5 dpc AGM 47 ± 45 18.6 ± 7 11.5 dpc GR 94 ± 35 8.2 ± 0.42 11.5 dpc GR somatic cells 152 ± 52 -17.5 dpc testis 1600 ± 102 39.2 ± 2.8
Conditioned media were obtained as described in Materials and methods. Values obtained are expressed as micrograms of tissue protein per milliliter. Numbers are mean ± SE of three different experiments each consisting of triplicates.
with CM only while the lower chamber contained CM with SDF1α (10 ng/ml), bFGF (10 ng/ml), BMP4 (25 ng/ml), LIF (500 UI/ml) and KL (25 ng/ml). The results reported in Fig. 1 showed that after 24 h of culture 25 ± 5% PGCs attached to the membrane showed elongated shape and membrane protrusions indicative of motility (Donovan et al., 1986; Di Carlo and De Felici, 2000) . Most importantly, a significant fraction of the adhered cells (7 ± 3%, Fig. 2A ) were able to migrate across the membrane pores in the lower side of the membrane. It is to be pointed out that PGCs purified by the magnetic cell sorting method although able to survive in culture (Farini et al., 2005) , fail to migrate in the assay. The reason for such failure was not investigated and only PGCs purified by EDTA-mechanical treatment were used in all subsequent migratory assays. By sequentially removing each growth factor from CM in the lower chamber, we observed that while removing single factors did not significantly reduce 11.5 dpc PGC survival, cells were able to migrate only when KL was present in this compartment ( Fig. 2A) . Two putative PGC chemoattractants such as TGFβ and SDF1α at a wide range of concentrations (0.1-10 ng/ml and 0.1 ng/ml-l μg/ml, respectively) did not stimulate PGC migration nor increase KL effect. In the same assay, both growth factors were able to stimulate the migration of other cell types namely PC3 (TGFβ) and HeLa (SDF1) (Festuccia et al., 1999; Peng et al., 2005) (data not shown). We also found ( Fig. 2A) , confirming the observation by Takeuchi et al. (2005) , that bFGF was not a chemoattractant for mouse PGCs.
To determine whether the effect of KL was due to increasing cell random movements (chemokinesis) or was a consequence of a directional chemoattractant action, migration assays were performed in which KL was added to CM/GFs in the upper or lower well only or both wells. As shown in Fig. 2B , cell migration occurred only when KL was present in the lower well, showing that KL primarily stimulates a chemotactic response in PGCs. This effect was dose-dependent and the activity was maximal when the gradient was established with a concentration of 50 ng/ml KL in the lower compartment ( Fig. 2B, insert) . Similar results were obtained using PGCs isolated from 10.5 dpc AGM (not shown). Unless otherwise indicated, all other experiments reported in the present paper were performed using 11.5 dpc PGCs.
We next aimed to verify whether in our assay the migratory behavior of PGCs was also elicited either by tissues through which they pass, Aorta/Gonad/Mesonephros (AGM), or by their target, GRs. Fig. 3 shows that CdM for 24 h by either 10.5 dpc AGMs or 11.5 dpc GRs or gonadal somatic cells from 11.5 dpc GRs were able to induce a migratory response in PGCs when placed into the lower Transwell chamber comparable to that stimulated by 50 ng/ml KL. Furthermore, media conditioned by 17.5 dpc testes or ovaries, did not exert any chemoattractant action on PGCs. ELISA assays carried out to determine the concentration of soluble KL in CdM from the different tissue sources, revealed no direct correlation between the amount of this growth factor and the CdM chemoattractant activity. In fact, 17.5 dpc testes appeared to secrete an even higher amount of KL in comparison to AGM and GRs (Table 1 ). Since, as reported above, CdM obtained from 17.5 dpc testes did not exert any migratory attraction on PGCs, we hypothesized the contemporary presence in this medium of factors able to inhibit the KL chemoattraction activity. Accordingly, we found that when the migratory assay was carried out filling the lower Transwell chamber with culture medium containing 50% CdM, the addition of recombinant 50 ng/ml KL in such medium did not elicit any directional migration in PGCs.
Eventually, to verify whether KL present in AGM and GRconditioned media may be responsible for their chemoattractant activity, we treated these media with blocking anti-KL antibodies (Pesce et al., 1997) . The lost capability of spent media to adequately sustain PGC survival, however, did not allow to carry out the migratory assay and to verify the above hypothesis.
KL stimulation results in increased actin cytoskeleton reorganization
Stimulation of chemotaxis by activation of tyrosine-kinase receptor family members can induce reorganization of actin filaments that causes cell-surface membrane ruffling and emission of filopodia in the target cells, a response strictly correlated with directional cell movement (Devreotes and Zigmond, 1988; Wennstrom et al., 1994) . In order to analyze whether KL was able to induce actin reorganization in PGCs, they were seeded onto Transwell membrane and incubated as in the migration assay in CM/GFs with or without KL in the lower compartment for 30 min at 37°C. After this time, cells were fixed and incubated with fluorescent phalloidin able to decor actin filaments. Analysis by fluorescence microscopy revealed evident membrane ruffling and the presence of numerous filopodia associated to intense actin microfilament staining in approximately 25% of PGCs exposed to the positive KL gradient and lacking of this phenotype in the absence of such condition (Fig. 4) . Similar membrane and actin modification were observed when PGCs were incubated in CdM showing chemoattractant activity (not shown).
c-Kit-dependent PGC migration involves PI3, Src and MEK/MAP kinases
To analyze the KL/c-Kit signaling pathways involved in PGC migration active in our assay, we first used pharmacological inhibitors of known c-Kit or tyrosine kinase receptor downstream effectors in other cell types. Preliminary experiments (not shown) were carried out to determine the culture conditions and concentrations at which the inhibitors could be used without affecting PGC survival. These conditions (see Fig. 3 . Effect of conditioned media on PGC migration. CM plus 15% FBS was conditioned for 24 h with 10.5 dpc AGM, 11.5 dpc gonadal ridges (GR), confluent somatic cell monolayers, obtained from 11.5 dpc gonadal ridge by MiniMacs separation (Pesce and De Felici, 1995) , or 17.5 dpc ovary/testis as reported (see Materials and methods). The migration assays were performed with 50% conditioned medium plus 50% fresh CM containing 2× GFs without KL in the lower chamber. Materials and methods) were then used in all experiments reported below. As shown in Fig. 5 , we found that SU5416, a multi-target kinase inhibitor that has the ability to abolish Kit signaling in other cell types (Smolich et al., 2001) , blocked PGC migration induced by KL. Likewise, LY294002 (Fig. 5 ) and wortmannin (not shown), two broad-spectrum PI3K inhibitors, had a similar complete inhibitory effect on the KL induced chemotactic response of PGCs. LY294002 exerted the same inhibitory action on the chemoattractant activity of CdM indicating that whatever attractant/s were present in CdM they are likely to target PI3K signaling pathway in PGCs. Src family kinase inhibitors SU6656 and PP2 (not shown) also affected significantly the KL-dependent migratory response of PGCs (60% of inhibition), suggesting that also this signaling is involved in KL chemoattractive action. SU6656 completely abolished chemoattractant activity of CdM indicating, as further discussed below, that this latter is likely to be more strictly dependent on Src-activated signaling. Furthermore, we found about 30% reduction of PGC migratory capability in the presence of the MEK/MAPK inhibitor U0126 (Fig. 5 ), which suggests a minor role of ERK1/2 in the KL signaling. Finally, the p38 MAPK inhibitor (SB202190) had no effect on KLstimulated PGC migration (Fig. 5) .
One of the major downstream targets of PI3K, Src kinase and MAPK signaling, is the Ser/Thr kinase mammalian target of rapamycin (mTOR). Previous studies by De Miguel et al. (2002) had shown that somatic cell-dependent survival of mouse PGCs in culture was rapamycin sensitive, suggesting a role of mTOR in PGC growth. Quite surprisingly, in our assay, rapamycin, under condition that we verified effective in inhibiting mTOR activity in other cell types (50 nM, 30-min incubation, not shown), did not influence either survival or migration of PGCs (Fig. 5) .
The PI3K can be directly activated by binding to defined motifs containing phosphorylated tyrosine that are found in activated growth factor receptors or adaptor proteins. In this context two SH2 domains of the p85 subunit of PI3K can bind specifically to phosphorylated YXXM motifs present in the cytoplasmic domain of the PDGFR/CSFR/c-Kit subfamily of receptors. For this reason, we used the cell-permeable 740Y-P peptide (Derossi et al., 1998; Williams and Doherty, 1999 ) that directly activates p85, to check the involvement of p85/PI3K in PGCs chemotactic response. As shown in Fig. 6 , 740Y-P was able to completely substitute in a dose-dependent manner, KL in our migration assay. This last result confirms the data obtained with pharmacological inhibitors about the central role of PI3K in the PGC migratory behavior and suggests that in such cells PI3K can be activated after binding of phosphorylated c-Kit to Y719, the docking site for PI3K, homolog to Y740 present in the 740Y-P peptide.
KL stimulates c-Kit autophosphorylation and AKT activation
In order to gain further information about the molecular pathways involved in KL action on PGC migration, we next carried out experiments aimed to evidence c-Kit and AKT phosphorylation in KL-stimulated PGCs. It has been well established that in a variety of cell types binding of KL to c-Kit results in dimerization of the receptor followed by activation of its intrinsic tyrosine kinase activity (Reith et al., 1991) . Moreover, the serine-threonine kinase AKT is a critical enzyme in signal transduction and a well-known mediator of cell motility (Merlot and Firtel, 2003 KL was added at 50 ng/ml in the lower compartment and the migratory assay was performed as reported in Fig. 1 . The number of migratory PGCs is reported as percent of the control values. Note that SU5416 (c-Kit inhibitor) and Ly294002 (PI3K inhibitor) abolished PGC migration, SU6656 (Src kinase inhibitor), U0126 (MEK/ERK inhibitor) had minor inhibitory effect and SB 202190 (p38 inhibitor) and rapamycin (mTOR inhibitor) did not influence this process. *p ≤ 0.05 vs. control; **p ≤ 0.01 vs. control. proteins in PGCs cultured for 5 min in serum-free CM/GFs with or without 100 ng/ml KL. The only evident difference observed in the presence of KL was a more intense phosphorylated band in the 115-to 180-kDa range of proteins (Fig. 7A ). To verify whether this protein was c-Kit, the same lysates were resolved by SDS-PAGE and blotted with the anti-pYpY 568/570 c-Kit antibody that recognize the autophosphorylation tyrosines in the receptor corresponding to the docking site for Src kinase. As shown in Fig. 7B , KL was able to increase phosphorylation/ activation of c-Kit after 5 min of treatment. Densitometric analysis indicated that stimulation was about 2 times with respect to control.
The relatively high basal level of c-Kit phosphorylation (Fig.  7B ) suggested a prevalent expression in PGCs of the GNNK(−)c-Kit isoform, as described in melanocytes and hematopoietic cells. GNNK− lacks four amino acids in the juxtamembrane regions and is more susceptible to autophosphorylation in comparison to GNNK+, the other c-Kit isoform (Crosier et al., 1993; Reith et al., 1991) . RT-PCR analysis showed, however, similar levels of GNNK− and GNNK+ transcripts in 11.5 dpc PGCs, suggesting posttranscriptional regulation of the c-Kit receptor in such cells (data not shown). The absence of antibodies able to selectively bind the two protein isoforms prevented us to further clarify this feature.
Further Western blotting analyses showed that under the same incubation condition used above (serum-free CM/GFs), treatment with 100 ng/ml KL induced a robust 10-15 times stimulation of AKT phosphorylation in PGCs at 5 min of incubation that dropped to basal level after 20 min (Figs. 8A and  B ). During the same incubation periods, KL did not cause any increase of the phosphorylation level of p38 and ERK1/2 kinases, while these latter were significantly stimulated by the growth factor cocktail without KL (Fig. 8A) .
Involvement of PI3, Src and MEK/ERKs kinases in KL-induced AKT phosphorylation
AKT is one of the major downstream effectors of PI3K. In addition, AKT activity can be stimulated by Src kinases (Pleiman et al., 1993; Kimura et al., 2004) . On the basis of the results reported above and since we had found that both LY2942002, a specific inhibitor of PI3K, and SU6656, a Src kinase inhibitor, were able to abolish or significantly reduce PGC migration, respectively, we analyzed the effect of these compounds on AKT increased phosphorylation induced by KL. Pretreatment of PGCs for 30 min with LY2942002 completely inhibited the increased AKT phosphorylation induced by 100 ng/ml KL (Fig. 9A ), whereas the same treatment with 1 μM SU 6656 caused a significant about 50% reduction of such stimulation (Fig. 9B ). In addition, the same treatment of PGCs with 10 μM U0126 besides completely inhibiting ERK1/2 phosphorylation (Fig. 9D) , resulted in about 30% reduction of AKT phosphorylation (Fig. 9C ). Thus indicating a central role of PI3K and at lesser extent of Src and ERK1/2 kinases in AKT activation in mouse PGCs and indirectly suggesting a direct link between AKT phosphorylation and KL chemoattraction of PGCs in our assay.
Discussion
PGCs are cells which move during the embryo development, from the extraembryonal region in which they are specified towards the gonadal ridges where they differentiate in male and female gametes (for a review, see Molyneaux and Wylie, 2004; De Felici et al., 2004) . Despite the fact that this migration process has been studied for several decades in different model systems, the cellular and molecular nature of the signals that direct mammalian PGCs towards gonadal ridges has remained elusive. The assays for chemotropic factors and the molecular dissection of cellular and molecular migratory mechanisms operating in mammalian PGCs are difficult to perform and complicated by several factors. For example, the necessity for a Fig. 7 . Autophosphorylation of c-Kit by KL. PGCs purified from 28 GRs/lane (approximately 15-20 × 10 3 cells) were incubated in serum-free CM/GFs (bFGF 10 ng/ml, BMP4 25 ng/ml, LIF 500 UI/ml, SDF1α 10 ng/ml) in the absence (−) or presence (+) of KL (100 ng/ml, 5 min) and the lysates blotted with (A) antiphosphotyrosine antibody (pY20), (B) anti-phospho-c-Kit and total c-Kit. The same blots were treated for tubulin detection in order to check the total amount of proteins. Fig. 8 . KL stimulates AKT, but not ERK1/2 and p38 phosphorylation in PGCs. PGCs were incubated in serum-free CM/GFs (see Fig. 7 ) with (+) or without (−) KL (100 ng/ml) for 5 min at 37°C. Cell lysates were analyzed by Western blotting with phosphospecific antibodies against AKT, ERK1/2 or p38. Amount of tubulin is shown as loading control. (B) PGCs were incubated as indicated in panel A for different times. The experiment was performed at least 3 times with similar results. cell feeder layer to support mouse PGC survival in culture or the complexity and variety of the somatic cell environment through which they migrate in the embryo, make the interpretation of many experimental results difficult. Furthermore, because of this limitation, it has not so far been possible to observe mouse PGCs from migratory stages move and migrate on acellular substrates. This has led to the notion that PGC adhesion to somatic cells is necessary for activating and/or sustaining their directional motility (De Felici et al., 2004) . The studies reported in the present paper have been carried out using a new method to culture purified mouse PGCs described by Farini et al. (2005) that allows their survival in the absence of the somatic cell monolayers.
A first surprising result obtained by combining this culture condition with the cell Transwell migration assay, was that 20-30% of PGCs adhered to the Transwell membrane after 24 h of culture showed motile phenotypes in the absence of somatic cell support. Even more important, a significant fraction of the adhered cells ranging from 4 to 10%, appeared able to migrate through the membrane pores in response to a positive growth factor gradient. This leads to the conclusion that direct adhesion to somatic cells is not required for PGC motility nor absolutely necessary for their directional migration. In the migratory assay, this last process appeared dependent on a gradient of soluble compounds established in the Transwell chamber and among those tested namely of KL. While considering the results reported in the Introduction, the absence of chemoattraction of TGFβ and bFGF on PGCs observed in our assay is not surprising, less clear is the lack of such effect by SDF1. In fact, as reported above, SDF1 exerts chemoattraction in zebrafish PGCs and in several other cell types (Doitsidou et al., 2002; Knaut et al., 2003; Kucia et al., 2004; Stebler et al., 2004) . It is to be pointed out, however, that although the defect in PGC number in SDF1−/− or CXCR4−/− mice is compatible with a role of this cytokine as PGC chemoattractant (Ara et al., 2003; Molyneaux et al., 2003) , other observations do not support such a possibility. In fact, the reports by Ara et al. (2003) that in SDF1−/− mice PGCs do not lose directionality in their migration towards GRs and those by Molyneaux et al. (2003) showing that SDF1 is broadly expressed in the mouse embryo during the period of PGC migration, raise a doubt about the chemoattractant role of this cytokine in PGC migration. Moreover, the results reported by Molyneaux et al. (2003) showed that under in vitro conditions, the action of SDF1 on mouse PGC migration may be rather complex depending on its concentration, the distance range of its action and the soluble or bound form of the cytokine. Clearly, in our in vitro migratory assay, the conditions for SDF-1 to exert its putative chemoattractant action on PGCs are not established, while on the contrary, significant numbers of PGCs are able to sense and respond to KL gradient formed in the Transwell chamber. We favor the possibility that in the mouse embryo SDF1 rather than as chemoattractant, acts mainly as survival factor for PGCs. Moreover, since CXCR4, the SDF1 receptor, is also present in somatic cells (Dudley et al., 2007; our unpublished observation) , it is possible that SDF1 can influence PGC migration indirectly and/or by reducing the repellent action of some tissues through which they migrate (Chalasani et al., 2003) .
The results obtained in this first series of experiments do not of course exclude the possibility that in the embryo adhesive interactions with somatic cells, matrix molecules and cooperative action of various growth factors are required for efficient PGC migration during the several steps of this process. Indeed cooperative action of other factor/s with KL are the likely explanation for the chemoattractant activity of the conditioned media emerging from the analyses of the experiments discussed below.
The relatively low number of PGCs able to cross the membrane pores in our assay might be interpreted as suboptimal migratory condition or be a consequence of a declining migratory activity of 11.5 dpc PGCs. It is to be pointed out, however, that the percentage of migratory PGCs reported here is similar to that found using the Transwell assay for other actively migrating cells (see for example Hazan et al., 2000; Okumura et al., 1996) and in the range of that reported for mouse 8.5 dpc PGCs estimated by an other migration assay (Godin et al., 1990) . Moreover, we did not find any significant difference in the migratory capability between 11.5 and 10.5 dpc PGCs. Therefore, it seems more likely that the Transwell assay described here evidences the migratory ability of cells able to more effectively respond to the KL chemoattractant gradient. These PGCs might be those expressing higher level of c-Kit receptor and correspond perhaps to the pioneer cells described for 30 min and then treated in medium containing GFs with KL (100 ng/ml, 5 min). Blots were incubated with anti-phospho-AKT (Ser 473) and reprobed with tubulin for loading control. (C) PGCs were preincubated with DMSO or 10 μM U0126 for 30 min and then stimulated as indicated in panel B. (D) PGCs, after the U0126 treatment described in panel C were stimulated for 5 min at 37°C by CM/GFs without KL. Blots were incubated with anti-phospho-ERK1/2 antibody and reprobed with tubulin for loading control. All experiments were performed at least 3 times with similar results. in other migratory cell populations and in migratory mouse PGCs as well (Young et al., 2004; Gomperts et al., 1994) .
It is interesting to note that whatever optimal migratory conditions for mouse PGCs are, the maximal migratory response shown by PGCs to the KL gradient in our assay was identical to that elicited by conditioned media from tissues such as 10.5 dpc AGM or 11.5 dpc GRs which should be responsible for PGC chemoattraction in vivo (Rogulska et al., 1971; Godin et al., 1990) . This observation validates our in vitro assay and suggests that soluble KL, is one of the growth factors responsible for the chemoattractant action of these tissues. However, the ability of fetal testes, which did not produce CdM with PGC chemoattractant activity, to secrete a KL amount even higher than that of 11.5 dpc GRs as revealed by KL dosage, and the presence in such medium of inhibitors of KL chemoattraction, complicate the possibility to attribute the PGC chemoattractant activity of the other conditioned media to KL. In this regard, it is also to be pointed out that AGM and GRs are apparently able to exert PGC chemoattraction even producing much lower amounts of KL than those necessary to elicit such response in our assay using recombinant KL. A possible explanation is that the chemoattractant activity of CdM and possibly that of GRs in vivo as well, is due to synergic action of several factors including KL on PGCs and that in vitro high concentration of KL compensates for such combined action. The presence of multiple factors in CdM favoring PGC migration, is supported by the finding that SU6656, an inhibitor of Src kinase, caused only a partial reduction of the KLmediated PGC migratory response whereas it completely abolished the chemoattractant activity of CdM.
The characteristic of KL as PGC chemoattractant was also evidenced by the observations that only this growth factor among those present in our cocktail, stimulated membrane ruffling and filopodia emission associated to actin microfilament reorganization in the cell cortex. Likewise only CdM with attractant activity on PGCs showed such capability.
Signaling downstream of KL/c-Kit system has been studied extensively in a variety of cell types (for a review see Ronnstrand, 2004) . In summary, KL binding causes c-Kit receptor dimerization and autophosphorylation, resulting in different cellular responses such as differentiation, proliferation, growth, survival, adhesion, and chemotaxis. These responses are the end result of the activation of multiple signal transduction pathways. These include PI3K, Src kinases, Ras-MEK-MAPkinase, and JAK/STAT (Rameh and Cantley, 1999; Ueda et al., 2002) . Despite the important role of the KL/c-Kit system in PGC development known from early studies on the mice carrying the White Spotting and Steel mutations (Mintz and Russel, 1957; McCoshen and McCallion, 1975) , the downstream effectors of the c-Kit receptor in such cells have been little investigated, mainly for difficulty to study PGCs with the tools of modern molecular biology. As far as we know, only two studies have investigated the c-Kit signaling pathway in mouse PGCs. De Miguel et al. (2002) using pharmacological inhibitors of known c-Kit effectors reported that two potent PI3K inhibitors LY294002 and wortmannin had no effect on 8.5 dpc PGC growth in culture, suggesting that the PI3K pathways is not important for PGC survival likely supported in their assay by the membrane-bound KL expressed by the cell monolayers. In line with these observation, two previous papers (Blume-Jensen et al., 2000; Kissel et al., 2000) had shown that induced mutations which disrupt the Tyr719 binding site for the regulatory p85 subunit of PI3K in the c-Kit receptor did not affect PGC development. On the other hand, Moe-Behrens et al. (2003) showed that soluble KL stimulation of 11.5 dpc PGCs resulted in a rapid phosphorylation of AKT and that this latter was PI3Kdependent. Finally, other results reported in De Miguel et al. (2002) suggested that AKT activity is required for PGC survival and that in such cells this kinase is primarily activated by Src.
In the present paper, reconciling these apparently contrasting results, we found that in mouse PGCs the c-Kit autophosphorylation activity is effectively stimulated by soluble KL and that this is associated with increased AKT phosphorylation mediated by either PI3K and Src kinases and at lesser extent by ERKs. These results also offer a possible explanation for the quite surprising lack of effect of the Tyr 719 mutation on PGC development. In the absence of phosphorylated Y719, it is likely that p85 is recruited by other signaling or scaffold proteins, for example Grb2 or Src kinase, that finally activated PI3K (Pleiman et al., 1993; Kimura et al., 2004) . The finding that SU6656, an inhibitor of Src kinase, caused 60% reduction of the chemoattractant activity of KL on PGCs and completely abolished such activity in CdM, besides supporting the presence in such media of factors cooperating with KL in its chemoattractant activity (see above), points to the crucial involvement of Src kinase in the migratory signaling activated in such cells. Interestingly in PGCs, on the contrary than in other cell types, growth factors such as SDF1, bFGF and LIF seem unable to induce AKT activity, while they are able to stimulate ERK1/2 and p38 kinases. This last observation, together with the significant reduction of the PGC migration by U0126 discussed below, suggest that certain basal levels of pERKs activity under the control of GFs other than KL are necessary for some event of PGC migration such as proper level of AKT phosphorylation.
In accord with De Miguel et al. (2002), we observed that brief incubation with LY294002 or wortmannin, did not significantly affect PGC survival. We also found, however, that this treatment completely abolished the migratory response of PGCs to the KL gradient and CdM as well (see below), suggesting that these two processes have different requirements for PI3K activity. In line with this notion, analyses of hypomorphic KL mutants suggest that different levels of KL function are required to support PGC proliferation and migration (Mahakali et al., 2005) . In addition or alternatively, c-Kit-dependent PGC survival and migration might rely on partly independent molecular downstream pathways. This latter possibility appears supported by the fact that unlike De Miguel et al. (2002) , who found that pulse treatments with Src, MEK/ MAPK and mTOR/FRAP inhibitors significantly decreased long-term PGC survival in culture, we did not observe significant decrease of PGC survival at 1 day of culture, but at the same time we found that the same treatment with the first two classes of inhibitors caused 60% and 30% reduction of PGC migration, respectively. While the lack of effect of the mTOR/ FRAP inhibitor rapamycin might appear surprising, it is known that the status of several proteins including AKT may confer rapamycin insensitivity (for a review, see Huang and Houghton, 2001) . In addition, the existence of a TOR complex termed TORC2 insensitive to rapamycin (for a review, see Wullschleger et al., 2006) , might also explain these results.
The crucial role of PI3K in PGC migration, also supported by the complete inhibition of the chemoattractant activity of CdM by LY294002, evidenced in the present paper is relevant considering that this enzyme is important in the direction sensing of a variety of cell types that respond to chemoattractants (Ridley et al., 2003; Merlot and Firtel, 2003) . Chemotaxis is a highly orchestrated process that involves an ordered projection of pseudopods from the cell's leading edge, with the involvement of massive cytoskeletal reorganization and coordinated integrin attachment and detachment at the leading and trailing edges. The precise mechanism that regulates the formation of membrane protrusions at the cell's front and retraction at the cell's rear are still unclear. As a general mechanism, chemoattractant binding on receptor leads to the translocation and activation of class I PI3Ks at the plasma membrane; activated PI3K catalyzes the phosphorylation of PtdIns(4,5)P2 (PIP2) at the 3′ position of the inositol ring to produce PtdIns(3,4,5)P3 (PIP3). Activated PI3K and PIP2 and PIP3 are involved in complex interaction loops with Rho family GTPase members such as Rho, Rac and CDC42 able to regulate several processes of cell adhesion and cytoskeleton assembly (for a review, see Burridge and Doughman, 2006) . The accumulation of PIP3 leads also to the rapid localization and activation of PHdomain-containing proteins, such as AKT/PKB, at the leading edge (Servant et al., 2000) , but the molecular mechanisms of how AKT regulates the cytoskeleton and thereby modulates cell motility are largely unknown. In this regard, our results represent the first indication of a link between KL signaling, AKT activation and cytoskeleton modification in PGCs. Recently, Enomoto et al. (2005) identified Girdin, an AKT binding protein that prolongs AKT phosphorylation, as an AKT substrate that phosphorylated at the leading edge of migrating cells facilitates the formation of lamellipodia. Furthermore, a recent paper (Li et al., 2005) , showed that AKT regulates the stimulation-dependent recycling of integrin β1 in HeLa cell migration. Since the crucial role of β1 in PGC migration (Anderson et al., 1999) , such mechanism might operate in such cells. In this context, it should be interesting to perform dynamic immunolocalization of specific kinase activity and integrins onto the surface of PGCs exposed to KL chemoattractant gradient. These studies hopefully facilitated by the assay described here and directed by the molecular clues reported in the present paper, will clarify which molecular models must be applied to the PGC migration occurring in the mammalian embryo in response to GR chemoattraction.
